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. Discharge of these 33 metabolites into environment will not only lead to pollution but also waste energy, 34 since they could be used as precursor for biofuels. However, the high solubility of 35 short-chain fatty acids makes them hard to be recovered and therefore the downstream 36 processing for retrieving these intermediates has been the main reason hampering their 37 further maturation as market products. Furthermore, they are inappropriate to be used 38 as fuel directly owing to the high oxygen-to-carbon ratio and low energy density 39 (Steinbusch, 2011) . On the other hand , medium-chain fatty acids (carboxylic acids 40 with 6 to 8 carbon atoms), which own the advantage of both low solubility and high 41 energy content, are regarded as potential intermediates for further conversion to 42 valuable chemicals or fuels (Levy et al., 1981) . 43
Caproic acid is a six-carbon acid with the general formula C 5 H 11 COOH. It is a fatty acid 44 naturally present in various animal fats and oils. Caproic acid is slightly soluble in 45 water (10.19 g/L), thus, converting short-chain fatty acids to caproic acid can lead to 46 efficient downstream recovery of liquid metabolites from fermentation process (Agler 47 et al., 2014). It is not only a valuable industrial product but also a chemical precursor. It 48 4 can be used as a "green" antibiotic in agriculture at lower pH levels (pH 2.0-5.0) 49 (Butkus et al., 2010; Agler et al., 2011; P. Desbois, 2012). Caproic acid is also a 50 precursor for the production of flavors (Kenealy et al., 1995) , liquid fuels (Harvey and 51 Meylemans, 2014) and corresponding alcohols (Perez et al., 2013; Isom et al., 2015) . 52
Moreover it is an important flavor compound in distilled alcoholic beverage (Hu et al., 53 2015) . 54
Caproate has been found as a byproduct of fermentative hydrogen or methane 55 production from organic wastes (Steinbusch et al., 2009; Ding et al., 2010) , which may 56 be produced from the elongation of VFA present in the system. Then, several studies 57 have followed up this assumption and explored chain elongation process by using 58 different substrates (e.g., syngas) or process configurations (Steinbusch et al., 2011; 59 Grootscholten et al., 2013; Kucek et al., 2016; Gildemyn et al., 2017) . It has been 60 observed that a group of anaerobic bacteria that possess fatty acid synthase complex are 61 able to elongate ethanol and short chain fatty acids through a reaction known as the 62 reversed β-oxidation. Several bacteria such as Clostridium species have been reported 63 to be able to produce caproic acid from short chain fatty acids (Thauer et al., 1968 
79
∆G 0 (kJ/mol) is the value of ∆G at pH 7.0 under standard conditions (i.e., all solutes 80 are at the concentration of 1 mol/L, and gases have partial pressure of 1 atm). 81
Bornstein and Barker (1948) found that the metabolic pathways of C. kluyver are 82 dependent upon concentration of acetate and ethanol, and the excess of ethanol can 83 lead to more caproate yield than butyrate. Similar conclusion was also obtained by 84 Kenealy and Waselefsky (1985) . Weimer et al. (2012) examined the effect of different 85 acetate and ethanol concentrations on products formation, and highest caproate 86 production was obtained at ethanol 700 mM and acetate 120 mM. Besides, Kenealy 87 and Waselefsky (1985) observed the linear response of both products and microbial 88 growth with ethanol and acetate concentration up to 200 and 50 mM, and Weimer et al. 89 (2012) found that a further increase of ethanol or acetate concentration can lead to a 90 significant decrease on C. kluyver growth rate. These studies show the significant 91 influence of acetate/ethanol ratios on products, and the contradictory effect of substrate 92 6 concentration on caproate production and microbial growth. Thus, to achieve a high 93 caproate production, it is necessary to break through the substrate inhibition and supply 94 a suitable acetate/ethanol ratio. 95
In the past few years, most studies have reported production of caproate only from low 96 ethanol concentration (<300 mmol/L) because ethanol is inhibitory to microorganisms 97 Germany), and was cultivated in DSM-52 medium. The medium was boiled for 1 min 117 and cooled to room temperature under 80% N 2 and 20% CO 2 gas atmosphere, after 118 which 0.25 g/L L-Cysteine-HCl•H 2 O was added as reducing agent. The pH of the 119 medium was adjusted to 7.5 using 1 M NaOH and 1 M HCl. Then, the reduced medium 120 was dispensed in 300 mL glass bottles with 100 mL working volume. All bottles were 121 sealed with rubber stoppers and aluminum caps to avoid gas leakage. The sealed bottles 122 were flushed with 80% N 2 and 20% CO 2 for 30 min to provide the anaerobic 123 environment. Bottles were autoclaved and the medium was further supplemented with a 124 vitamin solution (DSM-503), 1 g/L yeast extract and 20 mL/L ethanol through a 0.2 um 125 membrane filter. Then, Clostridium kluyveri DSM 555 was inoculated into the bottles, 126 which were placed in a reciprocal shaker (37 °C, 150 rpm) and incubated for 3-4 days 127 until the bacteria entered the stationary phase. Subsequently, the bacteria was 128 transferred into fresh medium for another cultivation. Before being used in batch 129 experiments, pure culture of Clostridium kluyveri was transferred for over 3 times to 130 fully activate the bacteria and achieve a stable state. 131
Experimental setup 132
Batch experiments were conducted in 600 mL glass bottles with 100 mL working 133 volume, rubber stoppers and aluminum caps were used to avoid gas leakage from the 134 bottles. Acetate and ethanol was used as sole carbon sources, the composition of carbon 135 source and additional electron donor in different batch tests is shown in Table 1 . For the 136 8 batch 1 with 100 mmol/L carbon source as substrate, acetate/ethanol ratio of 1:1 was 137 employed to examine the feasibility of hexonal production process, and then, 138 acetate/ethanol ratio of 8:2, 7:3, 5:5, 3:7, 2:8 were explored. Acetate/ethanol ratio of 139 1:1 was selected as starting point, as it is within the ratio ranges reported in the 140 previous study (Weimer and Stevenson, 2012) . 141 10 mL of pre-cultured C. kluyveri was inoculated into the designed medium when the 142 culture was at exponential growth phase (OD 600=0.8±0.02). Initial pH of all batches 143 was set to 7.5 and the medium was flushed with 80% N 2 and 20% CO 2 for 30 min to 144 drive away the oxygen present in the liquid and headspace. For the tests with 50 mM 145 acetate and 50 mM ethanol as substrate, hydrogen was added in the batches as 146 additional electron donor. Except the last test group with sole ethanol as carbon 147 source, 480 mL hydrogen was injected in the rest 7 test groups. All the bottles were 148 incubated in a reciprocal shaker at a speed of 150 rpm at constant temperature of 37 °C. 149
All the batch tests were conducted in duplicate. During the batch fermentation process, 150 the pH of the media was not controlled. Every one or two days, 1 mL gas and 2 mL of 151 liquid were taken out using syringe with needles for the analysis of hydrogen 152 concentration, microbial growth, pH change, substrate degradation and VFA formation. indicating that the substrate concentration was below the saturation concentration to 196 achieve maximum growth rates according to Monod growth model. Lonkar et al. 197 (2016) also observed that the increase of ethanol concentration from 0 g/L to 20 g/L 198 resulted in increase of growth rates, and subsequently a decrease of the fermentation 199 duration, defined as the termination of both substrate consumption and VFA 200 generation, from around 22 d to 18 d. However, despite that stagnation of growth it 201 was observed that not all substrates were consumed, probably due to product 202 11 inhibition or due to pH decrease. Accompanied with the microbial growth, pH 203 decreased gradually from 7.5 to 5.7 due to the accumulation of VFA. 204
Studies have proved that the fermentative caproate production process was very 205 sensitive to pH. Kenealy et al. (1995) found that substrate consumption was inhibited 206 when pH decreased at around 5.5, and caproate production can be significantly 207 increased through controlling pH at around 6.8. to C. kluyveri. Thus, controlling operational pH at a near-neutral range can be 211 necessary for ahieving a higher substrate degradation and caproate production rate. 212
As shown in Fig. 2B , substrate consumption and VFA production was terminated in 213 20 h. Concentration of caproate, burytate and valerate produced were 2.82 g/L, 1.54 214 g/L and 0.31 g/L, respectively. The formation of VFA was consistent with the cell 215 growth. The first 10 h only low VFA production as observed, and therefore was 216 assumed that microbial growth was in lag phase. When the exponential growth phase 217 was initiated, significant increase in VFA production was obtained. To explore the effect of initial acetate/ethanol ratio on caproate production, batch tests 242 with only acetate and ethanol at different acetate/ethanol ratios (8:2, 7:3, 5:5, 3:7, 2:8), 243 as carbon sources were conducted (Table 1, batch 1). Hydrogen was added as extra 244 electron donor. VFA and alcohols concentration at different acetate/ethanol ratios is 245 shown in Fig. 3 . 246 13 It can be seen that caproate production was lower than 1 g/L when acetate/ethanol was 247 higher than 7:3. However, it increased dramatically to 3.02 g/L when acetate/ethanol 248 decreased to 5:5, and achieved the highest concentration of 3.11 g/L when 249 acetate/ethanol was decreased to 3:7. Many studies have also observed the negative 250 correlation between caproate production and acetate/ethanol ratio. Liu et al. (2016) 251 found that caproate production can be enhanced through decreasing the 252 acetate/ethanol ratio from 2:1 to 1:3. Weimer and Stevenson (2012) observed linear 253 decrease of caproate formation with the reduction of acetate/ethanol ratio from 5 to 0. 254 However, in this study, both caproate and butyrate production decreased with the 255 further increase of the ethanol share, while the concentration of valerate remained at a 256 high level, indicating that acetate was necessary for caproate production, reduction of 257 acetate in substrate can also inhibit the fermentative caproate production process. 258
Similarly Diender et al. (2016) found that the production of medium-chain fatty acids 259 can be significantly stimulated by the presence of acetate. However, the specific 260 function of acetate is not clear yet. 261
As to the other VFA, butyrate showed a similar trend with caproate. Propionate 262 production was favored at high acetate concentration, while valerate production was 263 promoted at high ethanol concentration. For the tests with acetate/ethanol ratio less than 1:1, the hydrogen content increased 283 along the fermentation process. Although the ΔG o of hydrogen as electron donor is 284 much more negative than ethanol as electron donor (Equation 1-3.4) , the results 285 showed that ethanol is more easily consumed as electron donor than hydrogen. This 286 may due to the high mass transfer resistance between hydrogen and reaction phase. 287
The results indicate that at high ethanol levels, no additional electron donors are 288 needed for the caproate production process. Same conclusion was also made by Liu Caproate production from different ethanol concentrations (Table 1 , batch 2) was 335 studied. Since little hydrogen was used in batch tests with low ethanol concentration, 336 no hydrogen was added as electron donor in this test. VFA production in different test 337 groups is shown in Fig. 6 . 338
Similar with the results obtained in 3.2, low concentrations of caproate was produced 339 from sole acetate. Then, with the increase of ethanol concentration from 9.2 g/L to 23 340 g/L, acetate/ethanol ratio decreased from infinity to 1:10, caproate production 341 increased from 7.66 to 8. 
